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Emotional valence sensing using
a wearable facial EMG device

Wataru Sato'?"™, Koichi Murata?, Yasuyuki Uraoka?, Kazuaki Shibata*, Sakiko Yoshikawa?* &
Masafumi Furuta®

Emotion sensing using physiological signals in real-life situations can be practically valuable.
Previous studies have developed wearable devices that record autonomic nervous system activity,
which reflects emotional arousal. However, no study determined whether emotional valence can

be assessed using wearable devices. To this end, we developed a wearable device to record facial
electromyography (EMG) from the corrugator supercilii (CS) and zygomatic major (ZM) muscles. To
validate the device, in Experiment 1, we used a traditional wired device and our wearable device,

to record participants’ facial EMG while they were viewing emotional films. Participants viewed the
films again and continuously rated their recalled subjective valence during the first viewing. The facial
EMG signals recorded using both wired and wearable devices showed that CS and ZM activities were,
respectively, negatively and positively correlated with continuous valence ratings. In Experiment 2,
we used the wearable device to record participants’ facial EMG while they were playing Wii Bowling
games and assessed their cued-recall continuous valence ratings. CS and ZM activities were correlated
negatively and positively, respectively, with continuous valence ratings. These data suggest the
possibility that facial EMG signals recorded by a wearable device can be used to assess subjective
emotional valence in future naturalistic studies.

The ability to use physiological signals to sense emotional states in real-life situations offers practical advantages.
Emotions carry special significance, as positive and negative emotional experiences are crucial components of
human subjective wellbeing' and affect behavior and health?. The current gold standard for assessing emotional
states is self-reports measures, based on discrete (e.g., anger) or dimensional (e.g., valence) perspectives®*.
Numerous previous studies have shown that self-report measures can reveal emotional states, allowing predic-
tion of future behaviors (e.g., shopping behaviors®) and mental states (e.g., depression®). However, self-report
measures of emotional state have several intrinsic limitations, such as their subjective nature and inclusion of
biases, as well as the difficulty of continuous recording while conducting other tasks’. Recording physiological
signals to assess subjective states can complement subjective assessments by providing objective, unbiased, and
continuous data’. If such emotion sensing were possible not only in laboratories but also in natural environments,
this method could help us understand and improve everyday life3-1°.

Several wearable devices that can record physiological signals to assess emotional states in naturalistic situ-
ations have been developed”!>'?. These devices typically record autonomic nervous system activity, such as
electrodermal activity (EDA). Although most commercially available wearable devices have not been empirically
validated’, a few studies have reported that physiological recordings made with wearable devices were useful for
assessing emotional responses. For example, a previous study reported that EDA recorded during grocery store
shopping was associated with emotional experiences and buying behaviors'®. Another study reported that EDA
recorded during daily life detected stress'*.

A number of previous psychophysiological studies using traditional wired devices have revealed concord-
ance between physiological signals and dimensional subjective emotional experiences. Specifically, these stud-
ies reported that autonomic nervous system activity measures, such as EDA, consistently reflected emotional
arousal, which is the energetic or quantitative dimension of emotional experience; the studies also demonstrated
that facial electromyography (EMG) recorded from the corrugator supercilii (CS) and zygomatic major (ZM)
muscles reflected emotional valence, which is qualitative measure of emotional experience'>!°. For example, a
previous study analyzed subjective ratings of valence and arousal, EMG data from the CS and ZM muscles, and
EDA while participants observed various emotional images'’. The results showed a positive association between
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Figure 1. Illustrations of the wearable device (A) and participants using the wearable device in Experiment 2

(B).

arousal ratings and EDA activity and negative and positive associations with CS and ZM activities, respectively.
Several other studies confirmed that facial EMG recorded from the CS and ZM muscles corresponded to subjec-
tive valence ratings obtained using images'®%’, films?"?2, sounds'**, and words'’. Some studies also reported
that these facial EMG signals could reflect the valence of stimuli**~*¢. Because the difference in valence (e.g., fear
versus excitement, both of which are associated with high arousal levels) is indispensable for assessing subjec-
tive experiences and predicting behaviors, physiological emotion sensing in real-life situations should be able to
assess valence-related signals such as facial EMG. However, no validated wearable devices are available to assess
emotional valence. Although a recent study developed a wearable device that can record facial EMG data from
the ZM muscle?, no evidence was reported regarding concordance between subjective valence and facial EMG
data recorded from wearable devices.

To assess subjective emotional valence using physiological signals in real-life situations, we developed a wear-
able device to record facial EMG data from the CS and ZM muscles (Fig. 1A). The purpose of this study was to
determine whether our wearable device can sense emotional valence through two laboratory experiments. In
Experiment 1, we measured CS and ZM activity using wired and wearable devices while participants viewed films
chosen to induce distinct emotions with valences ranging from very positive to very negative®®. After watching
each film, participants rated their overall impression in terms of valence and arousal using an affect grid® (assess-
ing the emotional state via a 9-point valence and arousal scales; Fig. 2A) to validate the stimuli. After all film clips
were presented, the clips were presented again to the participants, who were asked to provide continuous ratings
of their emotional valence (Fig. 2B) during their first viewing using a slider-type affect rating dial, which enables
dynamic assessment of emotional state using a computer mouse®’. These data were used to test concordance with
facial EMG changes. We used this cued-recall rating procedure for three reasons: (1) on-line ratings obtained by
monitoring internal subjective states may interfere with natural physiological responses’'; (2) a previous study
reported strong positive correlations between on-line and recalled continuous ratings while participants viewed
film clips®’; and (3) we wanted to use the same procedures in both experiments (i.e., even while playing exercise
games). In Experiment 2, we measured CS and ZM activity only using the wearable device while game-naive
participants played a Wii Bowling game to investigate more natural and subtle emotional experiences, includ-
ing bodily movements (Fig. 1B). This game required participants to simulate actual bowling maneuvers with a
motion-sensitive controller, which made using wired devices difficult. We expected that the game would induce
moderate positive emotions, as reported in previous studies®**%. After finishing each frame, participants rated
the overall subjective valence of the frame. After finishing the whole game, participants viewed their videotaped
game displays so they could recall and continuously rate the emotional valence using a slider-type affect rating
dial. We expected that CS and ZM activities recorded using the wearable device would consistently show nega-
tive and positive correlations, respectively, with continuous subjective valence experiences in both experiments.

Results
Experiment 1. The overall ratings confirmed that the films elicited divergent valence experiences (Fig. 3A).
Bonferroni-corrected one-sample ¢-tests (two-tailed) showed that all emotional films except for the neutral one
induced valence and arousal states that were significantly different from the neutral state (#(14) > 3.55, corrected
p <0.05).
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Figure 2. Response panels for valence and arousal ratings in Experiment 1 (A) and valence ratings in
Experiments 1 and 2 (B).
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Figure 3. Mean (with SE) overall ratings in Experiments 1 (A) and 2 (B).

Figure 4 shows the group-mean continuous subjective valence ratings and CS and ZM activities recorded
using wired and wearable devices. The continuous subjective valence ratings showed that valence experiences
changed during the films (e.g., the range of valence for anger films was 1.7-5.7). The waveform of CS and ZM
activities according to both devices also showed changes during the films.

To visualize the concordance between subjective ratings and standardized facial EMG activities at the group
level, we depicted the scatterplots and regression lines of the relationships using group-averaged data (Fig. 5).
To statistically test concordance between subjective valence ratings and facial EMG data at the individual level,
linear mixed effects models were constructed using subjective valence ratings and facial EMG data (after stand-
ardization) as the independent and dependent variables, respectively, with random by-participant slopes and
intercepts®. The results revealed that all subjective valence-facial EMG relationships recorded using both wired
and wearable devices were significant, including the positive and negative associations of the valence ratings with
CS and ZM activities, respectively (#(14) >3.78, p <0.005; Table 1). Analysis of the standardized residuals revealed
that the SDs of some were >3 in all measures, indicating outliers (0.8, 2.2, 1.2, and 2.5% for CS-wired, ZM-wired,
CS-wearable, and ZM- wearable, respectively). Therefore, the analyses were repeated after removing these data,
and the results confirmed the same significant patterns as detected by the above analyses (#(14) >2.66, p <0.01).
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Figure 4. Group-mean second-by-second continuous subjective valence ratings (A) and facial
electromyography (EMG) signals in Experiment 1. The facial EMG signals were recorded from the corrugator
supercilii (CS) and zygomatic major (ZM) muscles using the wired (B,C) and wearable (D,E) devices. The facial
EMG data were standardized within individuals.

Experiment 2. The overall ratings showed that playing Wii Bowling induced positive valence states signifi-
cantly different from the neutral state (one-sample t-test, #(21) = p < 0.001; Fig. 3B).

Figure 6 shows the grand-mean second-by-second continuous subjective valence ratings and CS and ZM
activities recorded with the wearable device. The waveforms for continuous subjective ratings showed that valence
experiences followed a general positive trend with intermediate negative fluctuations. The CS and ZM activities
showed negative and positive trends, respectively, with intermediate fluctuations.

Figure 7 shows the group-averaged scatterplots and regression lines for relationships between continuous
valence ratings and standardized facial EMG activities at the group level. Linear mixed effects models controlling
for the random effects of participants and incorporating the same factors as the above analysis were constructed
to test concordance at the individual level. The results showed significant associations with subjective valence
ratings for both types of EMG data indicating negative and positive associations for CS and ZM activities, respec-
tively (#(22) >1.77, p <0.05; Table 2). The standardized residuals included several data points>3 SD according
to both measures, suggesting outliers (1.4 and 2.1% for CS and ZM, respectively). After removing these data, we
found that the associations with valence ratings remained marginally significant for both the CS and ZM data
(£(22)>1.32, p<0.10).

Discussion

The results of the overall ratings in Experiment 1 showed that the emotional films induced valence and arousal
states different from the neutral states in the expected direction. The overall ratings in Experiment 2 also showed
more positive valence than the neutral state while playing on the Wii. These results are consistent with previous
findings****** and indicate that our experimental settings reliably induced emotional states.
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Figure 5. Group-averaged scatterplots and regression lines of relationships between continuous subjective
valence ratings and facial electromyography (EMG) signals in Experiment 1. The facial EMG data were recorded
from the corrugator supercilii (CS) and zygomatic major (ZM) muscles using the wired (A,B) and wearable
(C,D) devices. The facial EMG data were standardized within individuals.

Wired ‘Wearable
Statistic (&) ™M (&) M
B -0.21 0.15 -0.17 0.15
T 20.35 3.78 8.36 4.94
P 0.000 0.001 0.000 0.000

Table 1. Results of multilevel modeling of relationships between continuous valence ratings and facial
electromyography data in Experiment 1. There were 14 degrees of freedom, as calculated by the m - I - 1
approximation*. CS corrugator supercilii, ZM zygomatic major. Significant results (p <0.05) are in bold.

More importantly, the results of Experiment 1 showed concordance between participants’ subjective valence

ratings and facial EMG activity while they viewed emotional films. These results are consistent with the findings
of several previous studies that used wired devices and found concordance between continuous valence ratings
and facial EMG activity'®2**¢-3%, This study newly demonstrates that facial EMG signals recorded using a wear-
able device can also be used to assess subjective emotional valence.

As in Experiment 1, the results of Experiment 2 revealed concordance between continuous subjective valence
ratings and facial EMG activity while participants played Wii Bowling. Although the degree of concordance was
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Figure 6. Grand-mean (with SE) second-by-second continuous subjective valence ratings (A) and facial
electromyography data recorded from the corrugator supercilii (CS) (B) and zygomatic major (ZM) (C) muscles
using the wearable device in Experiment 2. The facial EMG data were standardized within individuals.
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Figure 7. Group-averaged scatterplots and regression lines of relationships between continuous subjective
valence ratings and facial electromyography (EMG) signals in Experiment 2. The facial EMG data were recorded
from the corrugator supercilii (CS) (A) and zygomatic major (ZM) (B) muscles using the wearable device. The
facial EMG data were standardized within individuals.

Statistic CS IM
B -0.03 0.03
t 1.77 2.13
p 0.046 0.022

Table 2. Results of multilevel modeling of relationships between continuous valence ratings and facial
electromyography data in Experiment 2. There were 22 degrees of freedom, as calculated by the m - I - 1
approximation®. CS corrugator supercilii, ZM zygomatic major. Significant results (p <0.05) are in bold.

weaker than that in Experiment 1, this difference may be due to weaker emotion elicitation and subtler changes
in the course of emotions in Experiment 2 compared with Experiment 1. These results are consistent with the
previous finding that wearable facial EMG devices allow recording of facial EMG signals related to emotional
valence in naturalistic situations?’. However, the previous study did not test for concordance between subjective
emotional experiences and facial EMG signals. The results also corroborate previous studies that attempted to
assess emotional experiences by recording facial muscle activities with wearable devices, although these studies
did not record EMG data from the CS or ZM muscles®*-*!. To the best of our knowledge, our study provides
the first evidence that a wearable facial EMG device can assess subjective emotional valence while participants
move their bodies.
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Our results have practical implications. They suggest that facial EMG signals recorded by a wearable device
correspond to subjective emotional valence in naturalistic situations. Because emotional states influence many
aspects of daily life* and subjective ratings may be inappropriate or unavailable under some conditions’, it may
be useful to be able to sense emotional valence states via facial EMG signals. For example, a previous study in
consumer psychology reported that EDA recording in actual shopping situations allowed prediction of emotional
states and buying behaviors'. A laboratory study using wired devices found that facial EMG data recorded from
the ZM muscles predicted purchase decisions more sensitively than did EDA*?. Together with these data, our
data suggest that recording facial EMG in real shopping situations could provide predictive information related
to customers” emotional states and purchase behaviors, which could be useful in marketing research. In terms of
clinical applications, a previous study reported that stress states could be predicted based on EDA data recorded
using devices worn during daily life'®. Another study using wired devices reported that facial EMG recorded
from the CS muscles discriminated between stress and normal states more sensitively than did EDA signals®.
Thus, facial EMG recording in everyday situations may provide valuable information regarding mental health
states, and these data may complement clinical assessments based on interviews, behavior observation, and
autonomic nervous system activity recording.

Several limitations of this study should be acknowledged. First, we analyzed only linear relationships between
subjective valence and facial EMG activities. Previous studies reported several effective machine learning algo-
rithms (e.g., support vector machines) for assessing emotional states based on physiological signals recorded
using wearable devices'?. Future investigation of such algorithms would increase the practical use of facial EMG
signals recorded by wearable devices. Second, the arousal ratings may be related to the results of Experiment 1,
where the overall ratings, including on the arousal scale, may have influenced the cued-recall valence ratings. In
addition, given the quadratic relationship between valence and arousal ratings (Fig. 3A), the arousal dimension
may be associated with facial EMG activity in a non-linear way. Future research assessing continuous arousal
ratings, and exploring their relationships with facial EMG signals, may be helpful to clarify this issue. Finally,
our experiments were conducted in the laboratory; so the emotion-sensing capacity of the wearable device in
a naturalistic setting remains unproven. Further studies are therefore needed. In addition, it has been pointed
out that ambulatory recording of physiological signals can be difficult due to multiple factors, including noise
(e.g., the effect of sweating due to physical exertion) and less control of environmental factors*. Other technical
problems, such as high variability in EMG signals during long-term recording and sensor misplacement, may
occur in a naturalistic setting. Also, certain factors may limit the application of the wearable facial EMG device,
such as stigmatization due to device appearance. Therefore, in addition to the new hardware reported in this
study, software and application guidelines pertaining to the recording of facial EMG and emotion sensing in
real life should be devised.

In conclusion, we aimed to determine whether the wearable device that we developed can reliably sense
emotional valence, and conducted two laboratory experiments to this end. The results of Experiment 1 showed
that the facial EMG signals recorded by both wired and wearable devices were associated with the subjective
valence experiences reported by participants while viewing films. Similarly, the facial EMG signals recorded with
the wearable device in Experiment 2 were also associated with the subjective valence experiences of participants,
who were playing a game involving bodily movements. These data suggest that facial EMG signals recorded by
a wearable device may reflect subjective emotional valence in naturalistic settings.

Methods

Experiment 1. Participants. Fifteen Japanese volunteers (eight females; mean+SD age, 21.6+2.4 years)
participated in this experiment. The required sample size was determined using an a priori power analysis us-
ing G*Power software ver. 3.1.9.2*° based on a preliminary experiment with a different sample (n=10) using
similar film stimuli and EMG recording. As an approximation of the present analysis of subjective-physiological
concordance, we followed a two-step procedure® that included estimating separate correlation coefficients for
each participant and conducting ¢-tests to determine whether the mean coefficient across participants could be
significantly different from zero. The effect size was estimated from the results, assuming an a level of 0.05 and a
power (1 - f3) of 0.80. The results of the power analysis showed that more than 12 participants were needed. All
participants had normal or corrected-to-normal visual acuity. After a detailed explanation of the experimental
procedure, all participants provided informed consent. Our study was approved by the Ethics Committee of the
Unit for Advanced Studies of the Human Mind, Kyoto University. The experiment was conducted in accordance
with institutional ethical provisions and the Declaration of Helsinki.

Apparatus. Experimental events were controlled by Presentation software (Neurobehavioral Systems, Berkeley,
CA, USA) implemented on Windows computers (HP Z200 SFE, Hewlett-Packard Japan, Tokyo, Japan). The
stimuli were presented on a 19-inch cathode ray tube monitor (HM903D-A, liyama, Tokyo, Japan) with a refresh
rate of 100 Hz and a resolution of 1024 x 768 pixels. Another Windows laptop computer (CF-SV8, Panasonic,
Tokyo, Japan) was used for the continuous rating.

Stimuli. We used the three film stimuli developed by Gross and Levenson®. The stimulus scenes were from
the following films: “Cry Freedom,” “The Champ,” and “Abstract Shapes,” representing highly negative (anger),
moderately negative (sadness), and neutral stimuli, respectively. The ability of the stimuli to elicit the target emo-
tions effectively was validated in a Japanese sample®®. We replaced Gross and Levenson’s*® moderately positive
(contentment) and highly positive (amusement) films with conceptually similar films of a beach scene and a
humorous dialogue, which were selected from commercial films (Maldives Nature, Japan Media Supply, Tokyo,
Japan; M-1 Grand Prix The Best 2007-2009, Yoshimoto, Tokyo, Japan), because the original films were of low
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resolution and not in Japanese, respectively. The mean +SD time of the film stimuli was 173.4+27.7 s (range:
138-205 s). One film from Gross and Levenson*® depicting a scene from “Silence of the Lambs” was used for
practice. The stimuli were presented at 640 horizontal x 480 vertical pixels, subtending a visual angle of about
25.5° horizontal x 11° vertical.

Procedure. 'The experiment was conducted individually in an electrically shielded soundproof room (Science
Cabin, Takahashi Kensetsu, Tokyo, Japan). Upon arrival, participants were told that the experiment concerned
sweat gland activity while evaluating film clips, which was the cover story used to conceal the purpose of the
study regarding facial EMG recording. Participants were given about 10 min to adapt to the experimental room.
First, one film was presented for practice. Then, five film stimuli were presented. We pseudorandomized the film
presentation order across participants so that no two films with the same valence dimension were presented in
succession.

For each trial, the film stimulus was presented after a fixation point (a small white “+” on a black background)
and a 10-s period of plain white. Then, after the 10-s white screen, the affect grid®®, which graphically assesses the
two dimensions of valence and arousal on nine-point scales, was presented, and participants used a keyboard to
rate their overall subjective emotional experience while viewing the film. A black screen, which was controlled
to vary randomly from 24 to 30 s in duration to reduce psychological expectation and periodic physiological
activity, was presented during the inter-trial interval. Physiological data were continuously recorded for all trials.

Following completion of all trials, participants viewed the stimuli again and were asked to recall and rate
the valence associated with each clip during the first viewing using a slider-type affect rating dial**. Horizontal
nine-point scales were presented, participants responded using a mouse, and the coordinates of the mouse were
recorded.

To confirm that the cued-recall continuous rating procedure could provide data positively correlated with
on-line continuous ratings, as reported in a previous study”, a preliminary experiment was conducted with a
different sample (n=15; 8 females; mean + SD age, 21.5 £ 1.6 years). The films were presented in the same way
as in the main experiment for two different tasks. In the first on-line rating task, participants were instructed to
rate on-line their emotional valence while watching the films. In the second cued-recall rating task, the partici-
pants received the same instructions as in the main experiment and recalled the emotional valence during the
first viewing. Pearson’s product-moment correlation coefficients between on-line and cued-recall ratings were
calculated for each film clip for each participant and analyzed using Bonferroni-corrected one-sample t-tests
(two-tailed). The results showed significant positive correlations for all film clips (mean+SD r=0.92+0.01,
0.59+0.09, 0.58+0.07, 0.57 £0.09, and 0.58 £ 0.09 for anger, sadness, neutral, contentment, and amusement,
respectively; #(14) > 6.35, Bonferroni-corrected p <0.001). The results suggested that cued-recalled and on-line
valence ratings are likely to be similar.

Facial EMG recording. EMG data were recorded from the CS and ZM muscles with a wired device using sets
of pre-gelled, self-adhesive 0.7-cm Ag/AgCl electrodes with 1.5-cm inter-electrode spacing (Prokidai, Soraku-
gun, Japan). The electrodes were placed according to guidelines?*s. A ground electrode was placed on the
forehead. The data were amplified, filtered online (band pass: 20-400 Hz), and sampled at 1,000 Hz using an
EMG-025 amplifier (Harada Electronic Industry, Sapporo, Japan) and the PowerLab 16/35 data acquisition sys-
tem with LabChart Pro v8.0 software (ADInstruments, Dunedin, New Zealand). A 20 Hz low-cut filter was
applied because this has been shown to effectively remove artifacts related to hand and leg movements from
facial EMG data®. A video recording was made unobtrusively using a digital web camera (HD1080P, Logicool,
Tokyo, Japan) to check for motion artifacts and facial positions. Although the skin potential level and heart rate
were additionally recorded using the same system, we do not report these data.

In terms of facial EMG recording using a wearable device, we developed a compact device that can be worn as
eyeglasses (Fig. 1A). The width, depth, and height of the device were 67, 53, and 13 mm, respectively. ADS1298R
(Texas Instruments Inc., Dallas, TX, USA) was used for the facial EMG measurements. ADS1298R is an analog
front-end (AFE) circuit that includes filters, amplifiers, and an analog-to-digital converter (ADC) for measuring
bio-potential signals, such as EMG and electrocardiography. The specification and parameters of the ADS1298R
AFE are as follows: input referred noise, 4 uVpp; common mode rejection ratio, — 115 dB; ADC, 8-channel 24-bit;
and programmable gain, 6. This device sampled the EMG data of the CS and ZM muscles at 500 Hz using the
same electrodes as the wired device. The measured data were transmitted to a recording terminal by Bluetooth
low-energy transmission. The recorded data were filtered offline (low cut: 20 Hz) and then the 51-point moving
average was subtracted to remove baseline drift.

The electrodes of the wired and wearable devices were placed on opposite sides of each participant’s face. The
sides were counterbalanced across participants.

Data analysis.  Overall ratings were analyzed using one-sample t-tests to identify significant differences from
the neutral state (i.e., 5). P-values were two-tailed and Bonferroni-corrected for multiple testing (i.e., divided by
10).

EMG data analyses were performed using Psychophysiological Analysis software 3.3 (Computational Neu-
roscience Laboratory of the Salk Institute, San Diego, CA, USA), the machine learning toolbox, and in-house
programs implemented in MATLAB 2018 (MathWorks, Natick, MA, USA). For preprocessing, all EMG data
recorded using the wired and wearable devices were sampled for 10 s during the pre-stimulus baseline period
(while a white screen was presented) and then as the film was presented during each trial. One of the authors
blindly checked the video data and confirmed that participants did not cause large motion artifacts. For each
trial, the data were rectified, baseline-corrected with respect to the mean value over the pre-stimulus period
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and averaged in intervals of 1000 ms. Data from all film conditions were concatenated and then standardized
within individuals.

To statistically evaluate the individual-level concordance between subjective valence ratings and facial EMG
activity, we constructed linear mixed effects models using continuous subjective ratings and facial EMG data as
the independent and dependent variables, respectively, and the random by-participant slopes and intercepts®.
A maximum likelihood estimate was calculated. The beta estimates of the subjective ratings were evaluated
using t-tests (one tailed), with the degrees of freedom calculated using the m — [ - 1 approximation, which was
validated through Monte Carlo simulations®. Additionally, standardized residuals were calculated to check for
outliers. To illustrate group-level concordance between subjective valence ratings and facial EMG activity, we
created scatterplots and regression lines of the above relationships using group-mean data (Fig. 3). A previous
study examining the concordance between continuous subjective valence ratings and facial EMG activity across
time in response to emotional films found that the cross-correlation at zero lag was the highest, and Pearson’s
correlation coefficients successfully revealed the concordance®. Hence, although some previous studies calcu-
lated cross-correlations®, we analyzed the data at a lag of zero. Because the analysis of the standardized residuals
revealed outliers at > 3 SD, the same models were constructed after removing outliers. The results were considered
significant at p <0.05.

We conducted preliminary analyses regarding the effect of sex by constructing the above models and add-
ing the covariate of sex. We found that all reported significant results remained significant, and there was no
significant effect of sex (p>0.10). Based on these null findings, this factor was disregarded.

Experiment2. Participants. Data from 23 Japanese volunteers (14 females; mean + SD age, 22.0 + 1.7 years)
were recorded and analyzed. Participants who did not frequently play Wii Bowling were recruited through ad-
vertising at Kyoto University. Although two additional participants actually participated in the experiment, their
data were not recorded due to equipment errors. As in Experiment 1, the required sample size was determined
using an a priori power analysis. Data from a preliminary experiment with a different sample (n=10) using a
similar free movement paradigm and the wearable EMG device were used. The power analysis showed that
more than 21 participants were needed. All participants had normal or corrected-to-normal visual acuity. After
a detailed explanation of the experimental procedure, all participants provided informed consent. Our study was
approved by the Ethics Committee of the Unit for Advanced Studies of the Human Mind, Kyoto University. The
experiment was performed in accordance with institutional ethical provisions and the Declaration of Helsinki.

Apparatus. A Nintendo Wii hardware and Wii Sports software (Nintendo, Kyoto, Japan) were used for Wii
Bowling. The game display was presented on a 20-inch liquid-crystal display (2007FPb, Dell, Round Rock, TX,
USA). A laptop computer running Windows (CF-SV8, Panasonic, Tokyo, Japan) was used for ratings.

Procedure. The open field experiment was conducted individually in the laboratory. Upon arrival, participants
were told that the experiment concerned sweat gland activity while playing Wii Bowling, which was the cover
story used to conceal the purpose of the study. Participants were given about 10 min to adapt to the experimental
room. First, three frames were played for practice. Then, participants were instructed to play for 10 min.

During the game play, participants played Wii Bowling, which simulates actual bowling in three-dimensional
cyber space. Wii Bowling was selected because it was reported to be the most popular and the easiest to learn of
the Wii sports games®'. Participants performed the bodily motions associated with actual bowling with a motion-
sensitive controller. In addition, they manipulated buttons on the controller to release balls at the appropriate
time. Figure 1B shows an illustration of Experiment 2 with an amateur model who submitted written consent
to show her face in scientific journals. In each frame, participants threw the ball once (if they scored a strike),
twice, or three times (only for the last game with strikes or spares). Participants were instructed to observe a
replay of each frame after each frame. Participants then rated the valence of their experience during the frame
using a horizontal nine-point scale presented on a laptop computer. The mean + SD frame length was 26.7£8.9 s,
and the mean + SD number of throws per frame was 1.9+0.1.

After play concluded, replays of the game were presented while participants were asked to recall and provide
continuous ratings of their valence experiences using a nine-point slider-type affect rating dial®. Participants
responded using a mouse, and the coordinates of the mouse were recorded.

Facial EMG recording. Facial EMG data from participants’ left-side CS and ZM muscles were recorded using
the same wearable device used in Experiment 1.

Data analysis.  Preprocessing for EMG data was conducted in the same way as in Experiment 1 except that we
did not create baseline periods, we removed some artifact trials, and we did not perform baseline correction. The
EMG data were recorded during the whole period (i.e., from the start to the end of the replay) for each frame.
Because we did not control participants’ behaviors during games, there were no clear baseline periods. One
of the authors blindly checked the video data and removed as artifacts the data from several time points dur-
ing which participants touched the glasses/wearable devices, made bodily movements that moved the wearable
devices, or made mouth movements related to muttering (total, 6.5%). For each frame, the data were rectified
and averaged in intervals of 1000 ms without baseline corrections.

Statistical analyses were also identical to those performed in Experiment 1. To depict the grand-mean second-
by-second ratings and facial EMG data, we calculated means and SEs across all frames for all participants. The
end point (i.e., 39 s) for figures was determined to cover 90% of the total frames.
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